Abstract. The study and control of air pollution need to detect the structure of atmospheric boundary layer (ABL) in order to understand the mechanism of interaction between atmospheric boundary layer and air pollution. However, when extreme pollution occurs,the detection of atmospheric boundary layer structure is very scarce. Beijing, the capital of China, has experienced a severe haze pollution in December 2016. The city issued its first red air pollution warning of this year (the highest PM 2.5 concentration was later monitored to exceed 450µg m
Introduction
Air pollution has an important impact on human health,weather,climate and ecological environment (Seinfeld and Pandis, 1997; Brook et al., 2004; Ding et al., 2013; Wang et al., 2014a; Zhang et al., 2015a) . The pollutants emitted by human activities are mainly confined to the atmospheric boundary layer (ABL) which is the lowest part of the troposphere and about 1∼2 km from 20 the ground. In particular, fog and haze, which have a great influence on visibility and air quality, mainly occur in the ABL (Cao et al., 2004; Chan and Yao, 2008; Fu et al., 2008; Liu et al., 2012) . Because the formation, evolution, and diffusion of air temperature, humidity profiles, extinction coefficients (reflecting the concentration of haze particles), and determination of ABL heights obtained by different detection techniques. The vertical distributions of turbulent quantities are also studied.
Finally, further research considerations are also given.
Observation sites, instruments and data
The ABL observation data of this paper are mainly obtained in three locations in Beijing. One is located at the Institute of observation platforms (at 8, 15, 32, 47, 65, 80, 103, 140, 160, 180, 200, 240, 280 and 320m) are set up on the tower, and wind speed(MetOne,USA), wind direction(MetOne,USA), temperature (HC2-S3,Switzerland) and humidity (HC2-S3, Switzerland) Master,Gill,USA) and water vapor / carbon dioxide analyzers (LI-7500,USA) are also installed on the tower (at 8, 15, 47, 80, 140, 200 and 280m) . All turbulence data sampling frequency is 10 Hz. All of the tower data are averaged for 20 minutes. A detailed description of the meteorological tower can be found in (Al-Jiboori and Fei, 2005) and , and on the website (http://view.iap.ac.cn:8080/imageview/).
2) The extinction coefficients were measured by Lidar (AGHJ-I-Lidar,China) installed underneath 325m tower. The Lidar 5 could provide backscattering signals at wavelength of 532nm and 355nm with a vertical resolution of 7.5m and a temporal resolution of about 5∼10min.Due to technical failure, the lidar data were missing from 11:00 on December 19 to 09:00 on December 20, 2016;  3) Wind speed and wind direction were also monitored by means of a WPR (Airda3000,China) during red-alert pollution period. In this paper, the temporal resolution of WPR is 5min, and the vertical resolution is 50m below 1000m and 90m above 10 the 1000m;
4) The twice daily (08:00 and 20:00 in Beijing time) radiosonde vertical profile data were got from the University of Wyoming website(http://weather.uwyo.edu/)for Beijing station which named ZBAA in international code.And surface visibility, pressure and other meteorological elements were obtained from University of Wyoming website(http://weather.uwyo.edu/ surface/meteorogram/index.shtml) with a temporal resolution of half an hour(position is shown in Fig.1 , ZBAA); 15 5) Surface measurements of six kinds of air pollutants with a temporal resolution of one hour can be found on the official website of the Beijing Environmental Protection Agency (http://beijingair.sinaapp.com/). The data used in this paper comes from the environmental monitoring station (Olympic Sports Center Station) which is nearest station to the tower(about 2km in the northeast).
3 Results and discusses 20 3.1 Surface observation of haze and meteorological conditions From 14 to 22 December 2016, a complete haze pollution was observed in Beijing area(seen in Table 1 ). The generation, accumulation and elimination of PM 2.5 were recorded. We can see that, from 20 to 21 December, the hourly average PM 2.5 concentration almost maintained around 400µg m the concentration time series of PM 2.5 , wind speed and direction, temperature, relative humidity(RH), surface pressure and visibility of this heavy haze pollution process.
Generally, the visibility plays an representative index of air quality and atmospheric diffusion capacity (Zhang et al., 2015b ). , visibility dropped sharply to 1km or hundreds of meters. The surface pressure suggests that the air pressure decreased approximately from 1035hPa to 1023hPa, and in general, Beijing was controlled by a weak high-pressure system during pollution episode. The RH of ground observation had a significant diurnal variation and there existed obvious anti-correlation between RH and temperature. From 20 to 21 December, the diurnal variation of the temperature and relative humidity in heavy pollution was greatly suppressed, indicating that heavy pollution can indeed affect the temperature of the ground through the process of pollutants or radiation process (Gao et al., 2015) , and the RH of the ground was also enhanced to 90∼100% during this period. The increase of RH, on the one hand, is due to the decrease of temperature, on the other hand, is the result of the surge of the water vapour. For example, in the early morning ,temperature , basically regarded as a stagnant weather system. And in the winter, the occurrences of northern wind along with high wind speed could often improve the air quality over Beijing area significantly (Sheng et al., 2018 
Boundary layer heights observed by Lidar, WPR and radiosonde
Generally, the atmospheric boundary layer can be divided into the daytime convective mixing layer and the night stable boundary layer. In the morning the well-mixed convective boundary layer (CBL) is growing and often reaches its maximum height in the early afternoon. In the afternoon the CBL gradually changes into a neutral boundary layer. Figure. 3 shows the evolution of the ABL heights measured by Lidar, WPR and radiosonde respectively. The most essential definition of the ABL height is 5 the height at which the influence of the earth's surface on the lower troposphere disappears. This influence applies not only to conventional meteorological elements but also to the turbulence quantities, or even more the substances in the atmosphere such as aerosols, water vapor or nonreactive tracer gases (Seibert et al., 2000) . Various pollutants and water vapor in the ABL are much higher than that in the free atmosphere and it can be approved from the vertical distribution of extinction coefficient.
Therefore, there often exists obvious aerosol concentration gradient between the boundary layer and the free atmosphere. The by Lidar using gradient method,standard deviation method, and wavelet method respectively. White points:ABL height determined by radiosonde;Five-pointed star:ABL height determined by WPR.It should be noted that the blank part of the extinction coefficient is due to a technical failure, and the lidar data were missing from 11:00 on December 19 to 09:00 on December 20. The determination of the ABL height by means of Lidar is based on the vertical profiles of extinction coefficient, namely the aerosol concentration. When the concentration of PM 2.5 is high, the weakening effect of aerosol particles on laser is stronger.
The ABL height determined by Lidar − gra and Lidar − wav were almost the same, with a correlation coefficient of nearly 95%.
During 16 to 18 December and 20 to 21 December, the ABL height were about 500∼750m. Furthermore, the ABL height determined by Lidar − std method was slightly higher than that of both methods. During the heavy pollution episode days 5 (20 to 21 December), the extinction coefficient quickly exceeded 3km
above 250m from the ground. Perhaps due to the accumulation of pollutants, H c did not seem to reduce in these days. When the atmosphere was relatively clean, such as 15 or 22 December, the aerosol concentration was low and the extinction coefficient of Lidar had no obvious transformation zone.
The ABL heights obtained by these methods based on the Lidar were obviously lower than those of other instruments. If we continue to use Lidar to determine the height of the boundary layer, it will be obviously distorted. Therefore, the continuous 10 observation of the ABL height can be attained by means of other instruments or improved method based on Lidar.
Boundary layer structure observed by radiosonde
Radiosonde is the most widely used conventional meteorological observation method in the world. The white points in figure.3 are the ABL height determined by the radiosonde data. The potential temperature(θ) of the radiosonde is calculated by the formula:
, T is the measured temperature. As pointed out in many previous studies, "the 15 most widely used approach for the determination of the PBL height and structure both in daytime and nighttime is represented by the identification of local maxima in the potential temperature vertical gradient profiles as measured by radiosondes" (Summa et al., 2013; Sorbjan, 1989) . In this article, the maximum potential temperature gradient is defined as the ABL height (Hennemuth and Lammert, 2006), and is expressed by H θ (seen blue dotted lines in the Fig.4) . We have selected some profiles of θ and RH measured by radiosonde to get characteristics of H θ . The atmosphere stratification of potential temperature and
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RH could affect the distribution characteristics of aerosol concentration, and further affect extinction coefficient. So, vertical profiles of the extinction coefficient observed by the Lidar at the corresponding moments were also displayed.
As shown in figure. 4, the pollution episode was often accompanied by inversion layer, namely the vertical gradient of PT is positive, implying that the atmosphere was basically stable. Air pollutants are generally blocked below the inversion layer and are not easily diffused to high levels. Figure.4 shows that H θ at 20:00 on 16 December was about 727m, where the potential 25 temperature was about 280K and the RH was about 20%, and the extinction coefficient has also been reduced to 0.7km
Due to the cooling effect of the surface longwave radiation, the ground inversion layer was formed from the surface and this inversion layer depth was about 100m. Owing to the remaining characteristics of mixed layer during the daytime, the potential temperature of 100∼600m changed a little with the height. Until about 700m from the ground, another temperature inversion layer appeared. The maximum negative value of the extinction coefficient gradient appeared at about 500m at this 30 time, and the extinction coefficient below 727m was much higher than that above 727m, indicating that aerosol particles were mainly concentrated below the inversion layer (Baumbach and Vogt, 2003) , and H θ calculated by the radiosonde was basically consistent with H c determined by Lidar. At 20:00 on 17 December, the ground inversion layer has also begun to form. The H θ was about 627m, and the potential temperature of this level was still around 280K, however the RH reached nearly 60%. Below this height, the whole atmosphere layer has formed a high humidity layer with RH nearly 80% from the ground, in addition, the corresponding extinction coefficient has also increased significantly. The extinction coefficient between 250∼600m was almost 3km
, revealing that the concentration of aerosols increased significantly. Combined with the wind direction at this time( Fig.5d) , it is clearly illustrated 5 that the transport of the easterly wind has brought abundant water vapour, which promoted the hygroscopic growth of aerosol particles. At 08:00 on 21 December, the potential temperature distribution in the morning was different from 20:00, and the surface temperature has begun to increase as the receiving of solar radiation. The ground inversion layer has disappeared and the H θ was about 604m. The RH below 500m was nearly 95%, and meanwhile the maximum value of the extinction coefficient, which exhibited bimodal, reached nearly 4km
. The altitude where extinction coefficient reached the peak at high layer 10 was near to H θ approximately. By means of analyzing and comparing H c and H θ , it can be found that when the concentration of PM 2.5 was high, the accumulation of pollutants was mainly accompanied by the inversion layer in the atmosphere. At the inversion layer, it was easier to appear the larger value of the potential temperature gradient. Even though the H c represents the aerosol scattering information, and H θ stands for potential temperature characteristics, there existes a good correlation between them, with a correlation coefficient about 72%. However, when the atmosphere was clean, the aerosol concentration 15 was obviously reduced and the inversion layer was not so significant. As shown in Figure. 3, H θ was significantly higher than the H c determined by three methods based on Lidar extinction coefficient. 
Boundary layer structure observed by WPR
The ground is the most important sink of atmospheric momentum and the wind speed is zero at the surface. The wind speed changes gradually from the surface to the geostrophic wind at high altitude, and the wind information extracted from the WPR has been widely used to determine the ABL height (Cohn and Angevine, 2000) . There exist many different methods to estamte the ABL height form wind profiles. In this paper, we use the height of the low level maximum wind speed as the ABL height, 5 and expressed the height in H u (Banta, 2008; Pichugina and Banta, 2010; Devara et al., 1995) .
As shown in Figure. 3, H u was much higher than H c , especially during the cleaning day, when the H u was about 1500m. With the increase of PM 2.5 concentration, H u also decreased, that is, the height of the low level maximum wind velocity would also decrease when the atmosphere is polluted. In that case, H u , H c and H θ were very close.
In order to further understand the H u determined by the WPR and clarify the wind structure of the whole ABL, the wind 10 profile information from the ground to the high layer were given in this paper. As exhibited in Figure. 5, the wind speeds below 1000m were not more than 6m s −1 on 17 December, and the H u determined by the WPR was between 750∼1000m. At 12:00 it was a typical "nose" profile distribution according to the wind profile, that is, there is a maximum value in the middle of the wind profile. The wind direction profiles show that the wind direction from the ground to about 750m belonged to the north-east
, and the wind direction above 750m belonged to the north-west wind (270
. Furthermore, the wind 15 directions from 750∼2000m basically maintained stable in the north-west directions, which can be considered to be close to the geostrophic winds. At this time, the height of the maximum wind speed fitted well with height of the wind direction began to change into geostrophic wind. In addition to 12:00 on 17 December, at other four moments, there were almost entirely the north-eastern winds below 1000m, and the wind directions began to transform into the north-west winds at different heights.
The wind speed has increased to some extent on 21 December, and there were also typical "nose" type wind speed distri-20 butions at 00:00, 08:00 and 20:00. From the ground to 2500m, there was steady south-west wind at 00:00, and the maximum wind speed appeared about 900m. At this time, the extinction coefficient was also very low above 750m(shown in Fig.4 ), demonstrating that pollutants were also gathered below the height of H u . At 12:00, the wind speed began to decrease slightly from the ground, and there was no obvious change after about 1100m where the wind speed was about 4m s −1
. Except for 00:00 on 21 December when south-west wind prevailed from the ground to the high altitude, wind directions have changed to 25 the north-west at other moments, although the wind speeds were not very high below 500m, and wind speed maximum values occurred at the height around 1000m.
The wind directions of the 22 December were north-west from the low to higher layer, but the distribution of wind velocity profiles was different from that of 21 December. The wind speeds had no significant maximum value area, and the maximum wind speed of 500m approached close to 12m s −1
. According to the extinction coefficient distribution (seen in Fig.3 ), the PM 2.5
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concentration was greatly reduced on that day. H u determined by the WPR and H θ obtained by radiosonde were relatively close at this time, and both were far higher than H c . 
Boundary structure and turbulence quantities observed by 325m tower
As shown in Figure. 6, both turbulent kinetic energy (TKE) and friction velocity (u * ) on 140m and 280 m were inversely correlated with ground level PM 2.5 concentration. The TKE and u * can be calculated as follows (Stull, 1988) :
. The maximum TKE during clean days (15 to 16 December) can reach about 7m . On the other hand, the time series of u * was slightly different from that of TKE. It seems that the inverse correlation between u * and PM 2.5 was more obvious than that of TKE during the In order to understand the vertical structure characteristics of the ABL observed by the tower during the pollution and clean episodes, the profiles of wind, potential temperature(θ), TKE, sensible heat flux(w θ v ) and third order of vertical velocity (w 3 ) in the lower boundary layer are also given. At night, the wind speed profile in the clear day was basically logarithmic 5 distribution and the potential temperature changed little from the ground to about 300m. As for turbulent quantities, TKE also gradually decreased from about 70m, and the sensible heat flux was basically negative and the w 3 was the largest at 140m. On the polluted day, the wind speed from the lower to the upper layer was less than 2m s −1
. At this time, the change of potential temperature was not very large from the ground to about 200m, indicating that the atmosphere basically maintained the neutral stratification. There was an obvious inversion layer cap until about 200m from the surface. TKE and w 3 were basically 10 maintained near zero. Note that, at this time the sensible heat flux above 80m almost remained at zero. Near the ground, the sensible heat flux was a little positive, demonstrating that when the pollution occurred, especially when the inversion layer existed, the heat flux transport was suppressed. At night, the surface longwave radiative cooling effect was restrained to a certain extent, and the weakening of turbulence activities would aggravate the pollution situation again. According to the concentration of PM 2.5 , the haze pollution situation can be divided into different grades. The statistical mean values of surface visibility(Vis), wind speed (U), RH, ABL height and the turbulent fluctuations are also calculated.
As shown in the Table2, the statistical averages further confirm the conclusions of the previous analysis, such as when the concentration of PM 2.5 is high, visibility and wind speed decrease but RH increases significantly. Our results show that because of the accumulation of aerosol particles, H c is even heightened slightly but H c reduces by about 300m.The turbulence quantities 5 also exhibite a decreasing trend during haze pollution episode,further demonstrating that turbulent activities are inhibited to a certain extent. In this paper, a red warning haze pollution process from 14 to 22 December 2016 in Beijing was studied by using various observational techniques. The atmospheric boundary layer structure and turbulence characteristics are the focus of this paper.
Observational techniques include not only remote sensing techniques, e.g. Lidar and WPR, but also direct measurement techniques, e.g. ground-based radiosonde and the 325m meteorological tower. Our research results show that, during the heavy 5 haze pollution period, the Beijing area was controlled by the stagnant weather system. At 08:00 on 17 December, the confluence of north-easterly winds brought external pollutants and abundant water vapour to Beijing. Therefore, the relative humidity within 600m increased significantly, and further greatly promoted the hygroscopic growth of PM 2.5 . The height of ABL height observed by Lidar(H c ) was about 500∼750m. Our present study shows that H c did not seem to reduce during heavy pollution episode due to the accumulation of pollutants. Based on the potential temperature gradient method, the ABL height calculated 10 by radiosonde(H θ ) was in good agreement with H c , with a correlation coefficient close to 72%. The ABL height (H u ) determined by WPR was basically higher than that of H c , and H u decreased obviously when heavy pollution occurred, closer to H c and H θ . The low level TKE, u * and PM 2.5 were observed to be inversely related according to the tower. The turbulent fluxes varied very little with altitude, but the sensible heat flux was even slightly positive near the surface, indicating that the cooling effect is inhibited by the long-wave radiation from the ground. Consequently,the suppression of turbulence will lead to further 15 serious pollution.
Although different boundary layer heights can be obtained by various techniques, it seems that the ABL height measured by Lidar can better reflect the pollution accumulation during heavy haze pollution, and the ABL height measured by radiosonde is also in good agreement with the H c measured by Lidar, which is useful for the study of atmospheric pollution boundary layer based on conventional observations. Highly significant, our research found that the ABL height measured by WPR(H u ) 20 is high. However, since the definition of ABL height observed by different means is essentially different in this class, they have their respective roles and significance.
Our future work will try to establish the parameterization of the relationship between friction speed and PM 2.5 concentrition, as they exhibit strong statistical correlations (negative correlations), for use in numerical models of air pollution. In addition, it is also meaningful to explore the correlation between the dynamic, thermal and material (concentration) boundary layer heights
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(expressed by H u , H θ and H c respectively) through more observations.
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